ABSTRACT: Introduction: Resistance exercise (RE) stimulates a muscle protein anabolic response partially through enhanced satellite cell (SC) activity, however, age-and genderrelated changes in SC content over a 24-h time course are not known. Methods: Ten young (27 6 2 years) men and women and 11 older (70 6 2 years) men and women performed an acute bout of RE. Myofiber and SC characteristics were determined from muscle biopsies of the vastus lateralis using immunohistochemistry. Immunoblotting was used to determine phosphorylation of cyclin-dependent kinase-2 and protein expression of p27
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Satellite cells (SC) are mononucleated cells that serve as a source of nuclei for muscle fibers. 1 They are easily distinguishable from muscle nuclei, as they lie in indentations between the sarcolemma and basal lamina. 2 Normally quiescent, SC are activated by several stimuli to proliferate and fuse with the neighboring muscle fiber to donate their nuclei (due to the inability of myonuclei to proliferate), fuse together to generate new myofibers, or return to quiescence to maintain the SC pool. 1 Thus muscle SC are needed not only for growth but also for muscle repair and regeneration. SC were first identified 50 years ago using electron microscopy. 3 However, with the availability of commercial antibodies, we are now able to study SC using epifluorescent microscopy. Specifically, expression of Pax7, a paired-box transcription factor, is limited to skeletal muscle SC 4 and, therefore, is a commonly used SC marker in humans. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Pax7
plays an important role in muscle development, as it may be required for specification and progression of cells toward a myogenic lineage. 4 Understanding the functional significance of SC in humans is of particular interest but is limited to descriptive experiments. However, in animal models, using synergistic ablation and stretch models, SC re-enter the cell cycle and migrate to the injured site within 24 h, [16] [17] [18] suggesting that, in response to injury, SC activity increases to aid in repair and/or growth of muscle fibers. Furthermore, SC activity of rodent EDL muscle is attenuated when it is subjected to irradiation prior to ablation of the synergist tibilalis anterior. This prevents hypertrophy of the EDL muscle and demonstrates the need of SC for growth. 19 In human SC cultures, irradiation was specifically shown to significantly reduce S phase and G 2 /M phase progression and promote apoptosis within 30 h. 20 However, in a recent study, conditional ablation of SC during loading of the plantaris muscle in adult mice did not prevent hypertrophy of the muscle, suggesting that SC may not be needed for hypertrophy. 21 Similarly, studies using mutant Akt and myostatin mouse models have shown SC are not needed for muscle hypertrophy. 22, 23 In human studies, exercise training is used as a research model for muscle growth, in addition to overall preservation of muscle mass. The involvement of SC in exercise-induced muscle hypertrophy is, however, unclear, as some resistance exercise training studies demonstrate a concomitant increase in myonuclear content with hypertrophy, 24, 25 whereas other studies demonstrate hypertrophy with no change in myonuclear content with training. 26, 27 Thus future research is warranted to determine the precise mechanism of SC function in human muscle growth and repair.
Aging has diminishing effects on human SC activity. Specifically, at birth, SC represent approximately 15% of total muscle nuclei and decline to 0.6-3.4% in adults. [28] [29] [30] Furthermore, SC content is reduced in the biceps and anterior masseter muscles of older individuals. 31 Verdijk et al.
demonstrated that the reduction in SC content in older individuals is driven by loss of type II fiber SC. Research suggests that the decrements in SC of aging human muscle could be attributed to shortened telomeres and reduced proliferation. 32, 33 Consequently, a diminished SC response may contribute to the reduced anabolic response of older adults consistently observed, 34, 35 potentially contributing to the onset of sarcopenia. Additionally, data are limited on gender-related differences. Therefore, the main purpose of this study was to quantify changes in Pax7þ SC associated with aging and gender during a 24-h time course following an acute bout of unaccustomed resistance exercise. We also determined changes in myofiber characteristics and cell-cycle regulators during the same time course.
MATERIALS AND METHODS
Study Subjects. Ten healthy young (5 men, 5 women; 27 6 2 years) and 11 healthy older (6 men, 5 women; 70 6 2 years) subjects participated in the study and were a subset of a larger study. 35 Subjects were considered physically active, but they were not participating in any structured exercise training program at the time of enrollment. Subject screening included evaluation of medical history, physical exam, and blood tests. For older subjects, additional screening was performed, which included an electrocardiogram and treadmill stress test. Maximum strength was tested for each subject on 2 separate occasions by performing a one-repetition maximum (1RM) on a leg extension machine (Cybex-VR2, Medway, MA). The highest 1RM was recorded and used as the subject's final 1RM. Written informed consent was obtained by all subjects before the initiation of the study, which was approved by the Institutional Review Board of the University of Texas Medical Branch (which is in compliance with the Declaration of Helsinki).
Study Design. Qualified subjects were admitted to the Institute of Translational Sciences-Clinical Research Center of the University of Texas Medical Branch the day prior to the study. Subjects refrained from exercising 48 h prior to study participation. Experiments for each subject were carried out at the same approximate time of day to minimize subject-to-subject variation due to circadian rhythms and fasting. The morning of the study, a muscle biopsy was collected for baseline measurements. After the basal biopsy, subjects were moved to the exercise laboratory where each subject performed 8 sets of 10 repetitions of bilateral leg extension exercise (Cybex International Inc., Medway, MA) at 70% of 1RM with a 3-min rest period between sets. After completion of exercise ($40 min), subjects returned to their hospital bed for the remainder of the study. Additional muscle biopsies were collected at 6 and 24 h following completion of the resistance exercise. 35 Muscle Biopsies. Baseline and 6-h post-exercise muscle biopsies were collected from different incisions (7 cm apart) on the same leg, whereas the 24-h post-exercise biopsy was collected on the opposite leg. Biopsies were collected under local anesthesia (1% lidocaine) from the vastus lateralis muscle using a 5 mm Bergstr€ om biopsy needle with suction. Muscle samples were carefully freed of any visible fat, connective tissue, or blood clots. Approximately 20 mg of sample was embedded in Tissue Tek optimal cutting temperature (OCT; Thermo Fisher Scientific, Rockford, IL) on a cork and frozen in liquid nitrogen cooled isopentane. Muscle histology samples were stored at À80
C for subsequent immunohistochemical analysis. Additional muscle tissue was snap frozen in liquid nitrogen and stored at À80 C for subsequent immunoblot analysis.
Immunohistochemical Analysis. Muscle fiber distribution was determined on 10-lm-thick cross sections cut at À20 C using a cryostat (Jencons, Bridgeville, PA). Specifically, sections were fixed using 4% paraformaldehyde (Thermo Fisher Scientific) for 10 min at room temperature followed by three 5-min rinses with phosphate buffered saline (PBS). Sections were permeabilized with 0.5% Triton-X 100 for 30 min at room temperature. Slides were incubated for 1 h with primary antibodies, mouse anti-myosin heavy chain type I (1:50, SigmaAldrich, St. Louis, MO) and rabbit anti-laminin (1:400, Sigma-Aldrich). Slides were rinsed 3 times for 5 min each with PBS followed by 30-min incubation with secondary antibodies, Alexa Fluor 488 goat anti-rabbit (1:3000, Invitrogen, Carlsbad, CA) and Alexa Fluor 555 goat anti-mouse (1:3000, Invitrogen), at room temperature in the dark. Slides were rinsed twice for 5 min each with PBS and then rinsed twice for 5 min each with deionized water. Staining procedures resulted in laminin staining green (muscle cell border), myosin heavy chain type I staining red, and myosin heavy chain type II remaining black (negative for myosin heavy chain type I, Fig. 1 ). Images for fiber typing were captured at 100Â magnification using a fluorescence microscope (Axio Imager.M1m, Carl Zeiss, Toronto, Ontario, Canada) and AxioCam MRm camera (Carl Zeiss, Toronto, Ontario, Canada). Image processing and analysis was done using AxioVision 4.8.2 software. For each image, the number of muscle fibers for type I and II were counted, and cross sectional areas (CSA) for type I and II fibers were measured. One hundred to 2 hundred muscle fibers were analyzed for fiber type distribution and CSA in biopsy samples collected at baseline.
For detection of SC in muscle cross sections, SC were visualized on 10-lm-thick cross sections cut at À20 C using a cryostat. Specifically, sections were fixed using 4% paraformaldehyde for 5 min at room temperature followed by 3 5-min rinses with PBS. Sections were blocked with 10% goat serum plus 0.5% Triton-X 100 for 45 min. Sections were incubated overnight at 4 C with primary antibodies, mouse anti-Pax7 (1:2, Developmental Studies Hybridoma Bank, Iowa City, IA) and rabbit anti-laminin (1:400, Sigma-Aldrich). Sections were rinsed 3 times for 5 min each with PBS followed by 90-min incubation with secondary antibodies, Alexa Fluor 488 goat anti-rabbit (1:3000, Invitrogen) and Alexa Fluor 647 goat anti-mouse (1:3,000, Invitrogen), at room temperature in the dark. Sections were rinsed twice for 5 min each with PBS and rinsed twice for 5 min each with deionized water. Total nuclei were visualized using Hoechst 33342 (1:10,000, Invitrogen) nucleic acid stain. The staining protocol resulted in nuclei staining blue and Pax7þ cells identified as any nuclei localized to the membrane (laminin stained green) of a muscle fiber and stained red (Fig. 2 ). Images were captured at 200Â magnification and analyzed using AxioVision 4.8.2 software. Pax7þ cells/myofiber, % SC, myonuclei per fiber, and myonuclear domain (fiber area per myonuclei) were determined from 100 to 200 cross sectional muscle fibers at baseline and at 6 and 24 h post-exercise, as Mackey et al. 36 recommend that counting from a minimum of 125 muscle fibers is needed to obtain reliable data for satellite cell content.
Immunoblotting. Western blot analysis was performed as previously described. 35 Immunoblot data were normalized to an internal standard that was loaded on every gel to allow comparisons FIGURE 1. Immunohistochemical detection on a muscle cross section of a healthy younger male demonstrates sarcolemma by anti-laminin in green, myosin heavy chain type I positive muscle fibers in red, and myosin heavy chain type II muscle fibers are black (negative for myosin heavy chain type I). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] FIGURE 2. Immunohistochemical detection of skeletal muscle SC on a single cross section of a healthy older male at baseline. Nuclei were stained blue, laminin were stained green, and Pax7þ cells (denoting skeletal muscle SC) were identified as any nuclei localized to the sarcolemma and stained red. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. were analyzed as a completely randomized design. The model contained the effects of gender, age, time, and all possible interactions. Subject was included as a random blocking factor. Treatment means were computed using the LSMEANS option, and pair-wise t-tests were used to separate means using Bonferroni-adjusted criteria to assess significance at P < 0.05.
RESULTS
Muscle Fiber Characteristics. Data for muscle fiber cross-sectional area (CSA) and muscle fiber type distributions (type I and II) are shown in Table 1 . Muscle fiber type I and II CSA for men were 35% greater than women CSA (effect of gender, P ¼ 0.001). Type II fiber CSA in young men was larger than in young women (P ¼ 0.0001), older men (P ¼ 0.012), and older women (P ¼ 0.0004), and it was larger than type I fibers in all groups (P 0.041; gender Â age Â fiber type interaction, P ¼ 0.059). For muscle fiber type distribution, the proportion of type II fibers in young subjects were greater than in older subjects (P ¼ 0.046) and greater than type I fibers in the young (P < 0.0001) and older subjects (P ¼ 0.0015; age Â fiber type interaction, P ¼ 0.006). The percentage of type I fibers in older subjects was similar to the percentage of type II fibers in older subjects (P ¼ 0.186), but both were greater than type I fibers in young subjects (P 0.046). The proportion of type II fibers in men was greater than type I fibers in men (P < 0.0001), whereas the distribution between type I and II fibers in women was similar (P ¼ 0.116; gender Â fiber type interaction, P ¼ 0.019). For muscle fiber type distribution, a gender Â age Â fiber type interaction was not detected (P ¼ 0.14). However, due to the magnitude of young men fiber type proportions, a post-hoc analysis was conducted, and means were separated for pair-wise comparisons (Table 1) ; because the P-values were close to significance (thus increasing the probability of Type II error), no interactions were removed from the final model before testing these comparisons. The proportion of type II fibers in young men was greater than in young women (P ¼ 0.055), older men (P ¼ 0.027), and older women (P ¼ 0.011), and it was greater than the proportion of type I fibers in all groups (P 0.003).
Data for myonuclei per muscle fiber and myonuclear domain are shown in Table 2 . For myonuclei per fiber, no significant interactions were detected. Men displayed 12% more myonuclei per fiber than women (effect of gender, P ¼ 0.019). For myonuclear domain, no significant interactions were detected. Myonuclear domain for men was 19% larger than women (effect of gender, P ¼ 0.005) and was 15% larger for young compared with older subjects (effect of age, P ¼ 0.023).
Satellite Cell Content. Data for Pax7þ SC are shown in Figure 3 . Men displayed greater numbers of Pax7þ SC than women (0.085 6 0.007 vs. 0.057 6 0.007 SC/fiber; effect of gender, P ¼ 0.007). The number of Pax7þ SC averaged across all groups increased from 6 to 24 h (0.06 6 0.007 vs. 0.099 6 0.008 SC/fiber, P ¼ 0.0002) post-exercise and from baseline to 24 h (0.053 6 0.007 vs. 0.099 6 0.008 SC/fiber, P < 0.0001) post-exercise (effect of time, P < 0.0001). No significant gender Â age Â fiber Means in rows for type I and type II CSA not bearing a common superscript differ, P < 0.05.
x,y,z
Means in rows for type I and type II % not bearing a common superscript differ, P < 0.05. *Main effect of gender, P < 0.05. † Gender Â fiber type interaction, P < 0.05. ‡ Age Â fiber type interaction, P < 0.05.
type interaction was detected (P ¼ 0.082). However, due to the magnitude of young men, a post-hoc analysis was conducted, and means were separated for pair-wise comparisons (Fig. 3) ; because the P-values were close to significance (thus increasing the probability of Type II error), no interactions were removed from the final model before testing these comparisons. Young men displayed significantly greater Pax7þ cells at 24 h post-exercise than young women (P ¼ 0.0003), older men (P ¼ 0.0015), older women (P ¼ 0.0052) at 24 h, and all groups at baseline and at 6 h post-exercise (P 0.0001). Data for % SC are shown in Table 2 . Men displayed a greater % SC than women (5.5 6 0.36 vs. 4.3 6 0.39 %; effect of gender, P ¼ 0.029). The % SC increased across all groups from 6 to 24 h (4.2 6 0.43 vs. 6.8 6 0.46 %, P ¼ 0.0002) post-exercise and from baseline to 24 h (3.7 6 0.42 vs. 6.8 6 0.46 %, P < 0.0001) post-exercise (effect of time, P < 0.0001). Additionally, no significant differences in % SC were noted between young and older individuals at baseline (3.99 6 0.58 vs. 3.33 6 0.59 %, P ¼ 0.44) and at 6 h post-exercise (3.68 6 0.62 vs. 4.74 6 0.58 %, P ¼ 0.22). However, young subjects had greater % SC at 24 h post-exercise compared with older subjects at 24 h (8.19 6 0.62 vs. 5.39 6 0.67 %, P ¼ 0.0051) and young and older subjects at baseline (8.19 6 0.62 vs. 3.99 6 0.58 and 3.33 6 0.59 %, P < 0.0001) and at 6 h post-exercise (8.19 6 0.62 vs. 3.68 6 0.62 and 4.74 6 0.58 %, P 0.0004; age Â time interaction, P ¼ 0.013). Young men displayed a significantly greater % SC at 24 h post-exercise than young women (P < 0.0001), older men (P ¼ 0.0002), and older women (P ¼ 0.001) at 24 h and all groups at baseline (P < 0.0001) and 6 h post-exercise (P < 0.0001). Within older women, a significant increase in % SC from baseline to 6 h (P ¼ 0.047) and from baseline to 24 h (P ¼ 0.032) was detected (age Â gender Â time interaction, P ¼ 0.044).
Cell Cycle Regulators. Data for the phosphorylation status of cyclin-dependent kinase 2 (CDK2), Cyclin D1, and p27
Kip1 protein expression are shown in Table 3 . No significant interactions were detected. Cyclin-dependent kinase 2 phosphorylation was reduced from baseline to 6 h (P ¼ 0.002) and from 6 to 24 h (P ¼ 0.014) post-exercise (effect of time, P < 0.0001). Cyclin D1 decreased from baseline to 6 h (P ¼ 0.002) and from 6 to 24 h (P ¼ 0.001) post-exercise (effect of time, P < 0.0001). Young subjects demonstrated greater cyclin D1 protein expression at baseline compared with 6 (P ¼ 0.002) and 24 h post-exercise (P < 0.0001). Older subjects had greater cyclin D1 at baseline compared with 24 h post-exercise (P ¼ 0.003). However, younger subjects had greater cyclin D1 compared with older subjects at baseline (P ¼ 0.03; age Â time interaction, P ¼ 0.054). Protein expression of p27 Kip1 was reduced from baseline to 6 h (P < 0.0001) and from baseline to 24 h (P ¼ 0.0006) post-exercise (effect of time, P < 0.0001). Older subjects tended to have higher protein levels of p27 Kip1 than young subjects (effect of age, P ¼ 0.0699).
DISCUSSION
This study was conducted to determine age-and gender-related differences in SC content up to 24 h following a single bout of high-intensity resistance exercise. The main findings are that Pax7þ SC significantly increased in young men at 24 h following resistance exercise. When the SC data are expressed as percent of total myonuclei, older women (and young men at 24 h) show an increase in the % SC at both 6 and 24 h following resistance exercise. To our knowledge, this is the first study to report changes in SC content within a 24-h time course using the myogenic marker, Pax7 following high-intensity resistance exercise in young and older men and women. Additionally, we report no change in SC content in young women and older men up to 24 h, indicating an impaired response of SC to acute resistance exercise in these groups.
The increase in Pax7þ cells at 24 h in young men in our study agrees with a recent study demonstrating a 36% increase in total Pax7 cells 24 h following muscle lengthening exercise. 11 Similarly, the number of CD56þ (cell surface marker on differentiation committed cells) SC increase 24 h following muscle lengthening resistance exercise in young men (0.07 vs. 0.18 sc/fiber) and, to a lesser magnitude, in older men (0.07 vs. 0.10 sc/fiber). 37 No changes in neural cell adhesion molecule (NCAM; an isoform of CD56)þ cells were reported at 4 h post muscle lengthening contraction exercise in young men, but increases were observed at 24, 72, and 120 h. 38 Moreover, Pax7þ (0.07 vs. 0.14 sc/fiber) 7 and NCAMþ (3.1 vs. 6.9 % SC) 39 SC have been shown to be elevated 8 days following a single bout of resistance exercise in young men. Collectively, these data demonstrate the influence of resistance type-exercise on SC content in young men, and their prolonged responsiveness to a single bout of exercise. The increase in percent SC in older women was surprising, as there have been no reports of a change within 24 h of resistance exercise. Although the change in Pax7þ cells/fiber from baseline to 6 and 24 h was not significant in older women, a trend was detected at P ¼ 0.075. In contrast, older men in this study did not increase in % SC in response to resistance exercise within a 24-h time course. Mackey et al. 40 reported significant increases in NCAMþ cells (0.11 to 0.13 sc/fiber) and myonuclei per fiber (1.86 to 2.17 myonuclei/ fiber) in older women following 12 weeks of resistance exercise training, which led to no change in % SC over time (5.75 to 5.65 %). In the same study, older men had increased NCAMþ cells (0.11 to 0.15 sc/fiber), but not in myonuclei per fiber (2.51 to 2.52 myonuclei/fiber), resulting in an increase in % SC (4.43 to 5.78 %) due to training. In contrast, Petrella et al. 25 demonstrated no change in SC content in older men (0.12 to 0.149 sc/fiber) and women (0.108 to 0.136 sc/ fiber) following 16 weeks of resistance exercise training. It is unknown at this point why older women responded and older men did not. However, it is possible that the increase in % SC in older women was not due to increased SC proliferation, but rather to up-regulation of Pax7 expression in cells which initially exhibited nondetectable levels of Pax7. 13 Additionally, older men in our study may have been more physically active than the older women, which may have contributed to the SC response in the older women. Because the literature suggests that older men do have increased SC content due to training, it is conceivable that the 24-h ''impaired'' response may actually be a delayed response, which occurs beyond 24 h post-exercise. Satellite cell activation results in cell cycle reentry. The cell cycle is regulated by proteins such as CDK2, cyclin D1, and p27
Kip1 . Cyclin D1 binds to CDK4 or CDK6, 41 whereas CDK2 binds with cyclin A or cyclin E. 42 Both complexes are required for phosphorylating retinoblastoma protein (Rb) and, thus increasing cell cycle progression. However, the CDK inhibitor, p27
Kip1 can bind either complex to prevent Rb phosphorylation. Cyclindependent kinase 2 activity is increased when it is phosphorylated at the Thr160 site, which increases G1 to S phase transition, whereas activity of cyclin D1 is maintained in the hypophosphorylated state. In this study p27
Kip1 and cyclin D1 protein expression and CDK2 phosphorylation decreased at 6 h following exercise, whereas CDK2 phosphorylation and cyclin D1 further decreased at 24 h across all groups. Studies have shown similar decreases with p27
Kip1 at the gene level following resistance exercise, [43] [44] [45] which is consistent with cell cycle up-regulation. Interestingly, McKay et al. 11 reported that, following a single bout of resistance exercise, the number of SC entering G0/G1, S-phase, and G2/ M of the cell cycle increased by 32, 202, and 59%, respectively. In our study, the decrease in p27 Kip1 protein expression following exercise is consistent with the significant increase in S-phase transition found in the latter study, as p27
Kip1 is suggested to inhibit G1 to S-phase transition by means of CDK2. On the other hand, the decrease in CDK2 phosphorylation and cyclin D1 in our study was surprising. Bamman et al. 46 demonstrated no change in cyclin D1 protein expression in young and older men and women 24 h following resistance exercise. However, at the gene level, increases in cyclin D1 44 at 24 h and no change in CDK2 47 at 48 h post resistance exercise have been reported. Bickel et al. 48 demonstrated that mRNA levels of cyclin D1 increase at 12 h following resistance exercise in humans but return to baseline values at 24 h. It is possible that, in our study, maximal expression and activity of cyclin D1 and CDK2 did not occur at 6 or 24 h. Instead, it occurred between 6 and 24 h and led to subsequent increases in SC content in younger men and older women. At this point, we can only speculate on the unsuspected changes in CDK2 and cyclin D1 following resistance exercise in all groups and suggest that other key regulators are involved. Additionally, involvement of these proteins in other pathways may result in changes that are not consistent with cell cycle regulation. 49 There are disparities in the literature regarding whether myonuclear addition or myofiber protein expansion occurs first following mechanically induced muscle growth. For example, Petrella et al. 25 reported that a 2,000 lm 2 increase in muscle fiber size is required before myonuclear addition occurs. On the contrary, Allen et al. 50 and Kadi et al. 51 reported a concomitant increase in muscle fiber size and myonuclei following a mechanical stimulus, which maintained myonuclear domain. The change in myonuclei per fiber is due to proliferative expansion and subsequent fusion of resident SC with the adjacent muscle fiber. In particular, SC number increased by 17% 3 days following synergistic ablation in rat soleus. 52 This led to a concomitant decrease in SC number and an increase in myonuclei at 2 weeks. Furthermore, Schiaffino et al. 53 demonstrated increases in SC proliferation at 24 h following synergistic ablation in rat soleus, which resulted in myonuclear addition at 4 weeks. Even though we did not assess SC number beyond 24 h, our observation of an increase in SC number in young men at 24 h supports the latter study. However, in our study, the increase in SC content in young men did not lead to changes in myonuclear addition, as myonuclei per fiber and myonuclear domain were not changed at 24 h. This suggests that only SC expansion, but not terminal differentiation is increased 24 h following exercise. These data suggest that the increase in SC number in young men following resistance exercise may be an adaptive mechanism to facilitate repair or growth of the surrounding muscle fibers. Additionally, the increase in SC content in young men may serve other functions that do not lead to repair or hypertrophy. 5 In contrast to young men, resistance exercise did not affect SC content in young women in our study. Furthermore, we observed smaller muscle fiber CSA at baseline and fewer myonuclei per fiber across all time points in young and old women which likely accounts for reductions in myonuclear domain. Research has shown increases in muscle fiber CSA (2958 vs. 4036 lm 2 ), SC content (3.7 vs. 5.4% SC), and myonuclear addition (2.1 vs. 3.6 myonuclei/fiber) in women following 10 weeks of resistance exercise training. 24 Although, Petrella et al. 25 observed only an increase in muscle fiber CSA, but not SC content or myonuclear number in the vastus lateralis muscle after exercise training, which resulted in an increase in myonuclear domain. Research has demonstrated that women may have a higher resistance to muscle fatigue, which subsequently protects them from muscle damage. 54 Other research has concluded that estrogen is responsible for the gender-related differences observed in response to exercise-induced muscle damage. 55 It is not known why changes in SC content in young women were not detected in our study; however, young women may have a delayed response. This warrants future research to determine the anabolic effect of acute resistance exercise in women beyond 24 h. Baseline SC content was not different between groups (0.068, 0.062, 0.051, and 0.032 SC/ fiber for young men, young women, older men and older women, respectively) suggesting that the number of SC associated with a given fiber do not decline with age, which is consistent with some reports. 25, 26 However, several studies have demonstrated an age-related reduction in the number of SC. 10, [56] [57] [58] Furthermore, research suggests that the reduction in SC numbers with age is fiber type specific. Verdijk et al. 6 reported that not only does type II fiber CSA decrease in older subjects, but SC associated with type II muscle fibers decreases (0.08 vs. 0.044 for young vs. old, respectively), suggesting a potential mechanism for the fiber type specific atrophy seen in older individuals. In our study, similar decreases were noted with type II muscle CSA in older subjects, but differences in SC content were not observed, as we did not differentiate SC associated with each fiber type. Discrepancies between our study and others could be attributed to the muscle studied, physical activity of the subjects, selection of subject age, or the number of muscle fibers used for analysis.
As previously mentioned, we observed a significant reduction in p27 Kip1 and cyclin D1 protein expression and CDK2 phosphorylation following exercise in all groups. Despite that, older subjects showed an age-related increase in p27 Kip1 and decrease in cyclin D1 at baseline with no change in phosphorylation status of CDK2. This suggests that, although CDK2 activity is maintained, p27 Kip1 levels are elevated and cyclin D1 levels are suppressed to potentially down-regulate S phase transition of SC in older subjects. Interestingly, older women show a significant decrease in p27
Kip1 protein expression with no change in cyclin D1 24 h following an acute bout of resistance exercise. 46 The authors suggest that resistance exercise may provide a means to relieve the inhibitory actions of p27 Kip1 . However, Kim et al. 44 reported no change in gene expression of p27
Kip1 in older subjects following exercise. Although the mechanisms responsible for the age-related differences in SC responsiveness are not entirely clear, some potential upstream regulators of SC activation have been proposed. Mechano-growth factor, which stimulates SC proliferation, 59 mRNA showed an attenuated response in older subjects, but not younger subjects following resistance exercise. 60 c-met expression in SC from aged rats is reduced and prevents hepatocyte growth factor binding and SC activation. 61 Additionally, the expression of the Notch ligand, Delta, which is pertinent for SC activation, is reduced in SC from older rats following muscle injury. 62 Although these data aid in our understanding of SC regulation, the exact mechanism(s) responsible for the age-related impaired responsiveness to exercise require further investigation.
We conclude that changes in SC content, determined by Pax7 immuno-detection, following acute resistance exercise are not evident until 24 h in young men, however, in older women an increase in % SC is detectable at 6 and 24 h. Although initial numbers of SC indicate no age-or genderrelated differences, young women and older men do not respond with an increase in SC within the first 24 h of post-exercise recovery. Future studies are needed to determine the mechanisms responsible for the time course of SC activation in young women and older men and to determine the precise role of SC in resistance exercise-induced muscle hypertrophy in both young and older adults.
